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Heutzutage ist die Verwendung tragbarer elektronischer Gera¨te, wie
Laptops, sehr verbreitet. Dort eingesetzte Batterien weisen jedoch im-
mer noch einen sehr niedrigen Energiegehalt auf. Um dies zu kompen-
sieren, wurden seit mehreren Jahrzehnten Brennstoffzellen als Alterna-
tive vorgeschlagen. Wegen der Einfachheit des Systemaufbaus eignen
sich hauptsa¨chlich Polymer-Elektrolyt-Brennstoffzellen. Obwohl deren
Systemaufbau im Vergleich zu anderen Brennstoffzellen einfach ist, sind
die Systeme jedoch immer noch groß und schwer.
In der vorliegenden Arbeit wurde als erster Schritt ein Referenzsys-
tem, bei dem jede Komponente eine einzelne Funktion erfu¨llt, anhand
von Simulationen im Hinblick auf das stationa¨re und das dynamische
Verhalten untersucht.
Die Modelle fu¨r die stationa¨ren und dynamischen Analysen konnten
anhand von Experimenten bei verschiedenen Umgebungsbedingungen
validiert werden. Ein Schwerpunkt lag dabei auch auf autarkem Be-
trieb, insbesondere hinsichtlich des Betriebs ohne externe Wasser zu-
und abfuhr. Die Wasserakkumulationsrate und der dazugeho¨rige au-
tarken Betriebsbereich konnten von erfolgreich in den Simulationsergeb-
nissen reproduziert werden.
In einem weiteren Teil wurden verbesserte Regelalgorithmen entwick-
elt, um die Faradaysche Effizienz der Systeme zu erho¨hen. Auch wurde
das Layout des Referenzsystems gea¨ndert zu einem Zwei-Mixer-System
mit einem Inline-Mixer, um Konzentrationen schnell anpassen zu ko¨nnen.
Ein weiteres, modifiziertes Design, das separate Tanksystem, ausges-
tattet mit separaten Tanks fu¨r Wasser und fu¨r Methanollo¨sung, wurde
entworfen und untersucht. Das separate Tanksystem ist in der Lage, die
Konzentration des Methanols nicht nur sofort zu erho¨hen sondern auch
zu verringern. Experimentelle Ergebnisse zeigten, dass das Zwei-Mixer-
System und das separate Tanksystem ho¨here Faradysche Wirkungs-
grade aufweisen als das Referenzsystem.
Schließlich wurden fu¨r ein besonders kompaktes System (vermischte
Ausganssystem) die Anoden- und Kathodenausga¨nge zusammengeschal-
9
Kurzfassung
tet und u¨ber einen gemeinsamen Wa¨rmeu¨bertrager und Gas-Flu¨ssigkeits-
separator geleitet. Um den Verlust an Methanol im Gas-Flu¨ssigkeits-
separator zu verringern, wurde daher ein dynamischer Konzentrationsre-
gler fu¨r das hoch-integrierte System entwickelt. Dieses hoch-integrierte
System wurde zusa¨tzlich mit einem integrierten Separator ausgestat-
tet, der die Funktionen eines Mixers und eines Separators verbindet.
Dieses System zeigt wegen der dynamischen Konzentrationskontrolle
trotz seiner kompakten Gro¨ße eine ho¨here Effizienz als das System ohne
integrierten Separator.
Die hier erarbeiteten Simulationen und experimentellen Ergebnisse
ko¨nnen als Leitlinien dienen, um zuku¨nftige portable oder auch mobile




Most people, who use portable electric devices such as laptops, are
experiencing a lack of energy in batteries for portable applications.
To compensate or substitute batteries, fuel cells have been suggested
for several decades. Among fuel cells, polymer electrolyte fuel cells
including direct methanol fuel cells are the most probable type due to
the simplicity of systems. Even if the systems are simple compared to
other fuel cells, they are still quite heavy and large to carry.
In this work, first of all, the reference system, which has each compo-
nent to carry out a single function, is reviewed for steady state analysis
and dynamic behaviour with simulations.
Second, the models for steady state and dynamic analysis are vali-
dated with experiments at various environmental conditions. A fuel cell
system was installed in a climate chamber, and operated autonomously
- without additional water supply. Water accumulation rate and feasi-
bility envelope for autonomous operation are compared with simulation
results. Dynamic behaviour of the reference system is investigated with
dynamic current load as disturbance to controllers such as temperature,
concentration or water recovery.
Third, to increase faradaic efficiency of systems, dynamic concen-
tration control algorithms are employed. The layout of the reference
system is modified to build a two-mixer system with an in-line static
mixer to adjust concentration quickly. A further modified design, sepa-
rate tank system, which is equipped with separate tanks for water and
methanol solution respectively, is examined. The separate tank system
is able to increase or decrease the methanol concentration immediately.
In the experiment, the two-mixer system and the separate tank system
are found out to have higher faradaic efficiency than the reference sys-
tem. However, the additional pump and mixer make the system heavier
and bigger than the reference system.
Fourth, for a simple and compact system, anode and cathode outlet
are integrated into a mingled outlet process to one combined heat ex-
changer in the system. But it loses a significant amount of gaseous
11
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methanol in a gas-liquid separator after mingled outlet, which de-
creases fuel efficiency. To reduce methanol loss, a dynamic concen-
tration controller was implemented into the highly-integrated system.
The highly-integrated system is equipped with an integrated separator
which combines mixer and separator. In spite of its compact size, the
highly-integrated system is revealed to have higher efficiency than the
mingled-outlet system due to dynamic concentration control.
To sum up the five different designs, two highly efficient systems
and two integrated systems are investigated systematically with models
and validation. These simulation and experimental results can guide to
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1.1 Introductory explanation of fuel cells
Fuel cells are well known for environmental-friendly features compared
to conventional engines or power plants. Fuel cells use natural gas,
hydrogen or methanol as fuel, and produces less pollutants than other
engines. Since Sir William Grove discovered the principle of fuel cells
in 1842, many fuel cell types have been developed for different appli-
cations. For example, fuel cell electric vehicles are developed to satisfy
newly strengthened regulation for clean environments. Some stationary
fuel cell systems are already commercialized for certain applications:
for larger applications, solid oxide fuel cells, molten carbonate fuel cells
and phosphoric acid fuel cells are used as mid-size power plants or res-
idential combined heat and power generators. Polymer electrolyte fuel
cells are utilized in fuel cell powered electric vehicles or for portable
uses [2, 3].
People want to use portable electric devices, such as smart phones,
laptops or wearable devices for long operating time even though they
are mostly limited to small volume and light weight. Humanoid robots
are also restricted to use heavy batteries for high power and energy to
operate autonomously [4]. Li-ion batteries can be a possible solution
but only within the restrictions of certain operating ranges. As oper-
ating time of batteries is limited and insufficient, fuel cell systems can
substitute or compensate for batteries due to their higher energy den-
sity [5]. To use fuel cells for portable applications, fuel cell systems need
to be more compact and simpler to satisfy user requirements. Gener-
ally, low temperature operating fuel cells such as polymer electrolyte
1Part of the results of this chapter was published in Youngseung Na, Federico




























Fig. 1.1: Schematic diagram of direct methanol fuel cell
membrane fuel cells (PEMFC) and direct methanol fuel cells (DMFC)
are selected for small scale applications because of their compactness
[6].
Among polymer electrolyte fuel cells, direct methanol fuel cells are
considered to be the most appropriate for portable applications be-
cause of their small size and the high energy density of methanol [7].
Compared to Lithium ion batteries [8], methanol has a 30 times higher
energy density [9]. Besides, fuel cells need only a few seconds to swap
fuel cartridges in contrast of several hours to recharge a battery.
The basic reactions in DMFCs are anodic and cathodic reactions as
follows:
CH3OH + H2O −−→ CO2 ↑ + 6 H+ + 6 e− (Anode) (1.1)
6 H+ + 6 e− + 32 O2 −−→ 3 H2O (Cathode) (1.2)
These reactions occur on catalyst surfaces contacting ionomer and
reactants at each electrode as shown in Fig. 1.1. To supply the reac-
tants to anode and cathode layers, actuators such as pumps or blow-
ers are necessary. Particularly, a water recirculation system should
be equipped within the portable application to dilute neat methanol.
Otherwise as shown in Fig. 1.2a a large amount of dilute methanol
solution within a big fuel tank is necessary and an almost same size of
drain reservoir is also needed to exhaust liquid solution, which is only
available in a laboratory [10]. Therefore, water as a product of reaction
1.2 is preferable to be reused as a reactant of reaction 1.1 to dilute
16
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neat methanol in the mixer. Besides this water recirculation system,
temperature control and concentration control systems are needed to
optimize operating conditions for the higher efficiency. An example of
a closed loop system is illustrated in Fig. 1.2b. The system consists
of a DMFC stack, separators (a degasser and a condenser), a mixer, a
methanol reservoir, a blower and two pumps. The blower supplies air
to the cathode of the stack and the circulation pump supplies methanol
solution to the anode. The unused air components are expelled from the
stack into the condenser. The condensed water is recycled to the mixer
which is mixed with the unused methanol solution from the degasser
and neat methanol from the fuel reservoir. Actuators are controlled
respectively by each controller. The detailed modelling of the system
is reviewed in the next chapter.
1.2 State of the art
Fuel cell systems have been required to be efficient and compact for
portable uses with autonomy and stability. First of all, autonomy and
stability of systems should be satisfied for portable applications. A
study on the conditions under which DMFC systems are autonomous,
i.e. are able to maintain their water content without additional fresh
water, was published by Zenith et al. [11], indicating how few critical
variables influence that ability. Insightful experimental results on the
dynamics of methanol concentration in DMFC systems were published
by Ha et al. [12], who noticed the stabilising effect of methanol cross-
over. A complete analysis of dynamics and control in DMFC systems
was later published by Zenith and Krewer [1], formalising the stability
of the dynamics of methanol concentration and noting the metastabil-
ity of the dynamics of water content, which requires feedback control.
Next, a lot of research on membrane-electrode-assemblies [13], gas dif-
fusion layers [14], other components [15] or stacks [16] has been car-
ried out on optimization of design parameters to improve efficiencies.
Kang et al. developed a solid electrolyte membrane to reduce methanol
crossover [17] for high efficiency. An early steady-state study on pres-
surised DMFC systems was published by von Andrian and Meusinger
[18], who noted that pressurisation of reactants increases the efficiency
of a fuel cell. Specchia et al. [19] studied the positioning of a gas-liquid
separator in the system layout, noting that it was necessary in some





























Fig. 1.2: Exemplary schematic diagram of (a) an open loop system
and (b) closed system for DMFCs
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creased with pressurisation. Besides efficiency, energy density is also
a very important factor in portable systems [20], and it is therefore of
interest to investigate the case in which some of the ancillary units are
removed utilizing process integration, saving weight and size. Some of
the systems reported in the literature are in fact overly complex, as
they were thought more for stationary than portable power generation
(e.g., von Andrian and Meusinger’s layout features six heat-exchange
units and five pumps). Dohle et al. [21] studied how system efficiency
varied with respect to several parameters, confirming von Andrian and
Meusinger’s claim about pressurisation being detrimental to system ef-
ficiency. Last, despite the high energy density of methanol, DMFC
systems are not very small because they need components like con-
densers to dilute methanol solution [22]. To shrink the system size,
some researchers tried to omit system components such as fuel pumps.
Passive type DMFC systems, which supply fuel without additional elec-
tric actuators. Kim et al. and Qian et al. [23, 24] developed a transport
system which use pressurized carbon dioxide gas from the electrochem-
ical reaction. For methanol transport, the pressurized carbon dioxide
gas squeezes a methanol reservoir and methanol solution flows into the
anode channels without additional pumps. Cao et al. developed an
air breathing system to eliminate air pumps [25]. However, the passive
systems have lower performance than active systems due to unstable
and slower reactants supply, decreasing its power density [26].
1.3 Motivation and scope of this work
A portable DMFC system needs to be efficient and simple. Many re-
searchers have investigated DMFC systems for decades to commercial-
ize. However, the systems are still complex, and the influence of system
variation on the performance is not well known yet. In this study, the
variate systems are investigated for two purposes. One is for high ef-
ficiency with dynamic control, and the other one is for compact size
with process integration. Simplicity may be obtained at the expense
of efficiency or flexibility, and the task of this research is to illustrate
the effects of system design and process integration on a generic DMFC
system.
Advantages and disadvantages of the chosen systems are compared
and quantified to suggest the appropriate areas of application for the
system layouts. The main structure of this thesis is composed as follows:
19
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• Reference system review and validation with experiments for di-
rect methanol fuel cells (Chapter 2)
• Increasing faradaic efficiency of direct methanol fuel cell systems
with separate tank and mixer using feedforward control of oper-
ating concentration (Chapter 3)
• Integrated direct methanol fuel cell systems minimizing fuel loss
with dynamic concentration control for portable applications (Chap-
ter 4)
The reference system, which is the base model of the variable systems
in this study, is reviewed in detail in Chapter 2. The electrochemical
and chemical reactions are defined with mass and energy balance equa-
tions. Besides the fuel cell itself, ancillary units are modelled one by
one with relevant controllers. The feasibility envelope for the reference
system, investigated by Zenith et al. [11], is validated experimentally for
various temperatures and relative humidities in the climate chamber.
After the steady state analysis, the dynamic behaviour of the reference
system model is also fully validated with experiments while the au-
tonomous operation with feedforward concentration control is partially
validated without temperature controllers[27].
In Chapter 3, to improve faradaic efficiency, a two-mixer system and
a separate tank system are introduced and compared with the reference
system. The model of each system is also implemented with optimized
controllers [28].
Lastly, to make the system compact for portable applications, pro-
cesses in the system are integrated (Chapter 4). Coolers and separators
are integrated at first to reduce the system size. Next the separator and
the mixer are combined together. After this integration, the dynamic
system behaviour is analysed and optimized for the higher efficiency




The reference system as shown in Fig. 2.1 was taken as the base struc-
ture of this research because each actuator is controlled by its own
controller - single-input and single output (SISO). The steady state
model of the reference system has already been simulated by Zenith et
al. [11] and the dynamic model was investigated by Zenith and Krewer
[1]. These two models are mainly reviewed to compare experimental
results with simulations. Most of all, each controller is derived from
the fuel cell system models based on multicomponent equilibrium and
thermodynamic equations which are introduced in the next section.
The feedforward methanol controller of reference system was verified
in Zenith et al. [27] but autonomous temperature control was omitted.
Firstly, in this research the model at steady state is validated at various
temperatures and relative humidities to identify feasibility envelopes of
autonomous operation. Secondly, the dynamic behaviour is validated
with an enhanced set-up from Zenith et al. [27] because heat loss on
the whole system was much larger than heat generation from a DMFC
stack, which was required to be heated by external electric heaters to
keep the operating temperature 60 ◦C. This external heating set-up
prohibited to validate the temperature control properly. For the pur-
pose of bulk heat generation and effective heat insulation, a nine-cell
DMFC stack was used in a climate chamber to validate autonomous
operation.
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Fig. 2.1: The process layout of the reference system [1].
2.1 Review of modelling [1]
2.1.1 Multicomponent equilibrium
Five components, water, methanol, carbon dioxide, nitrogen and oxy-
gen are taken into account for modelling. Each summation of gaseous






yj = 1 (2.1)
The mass balance of each species j and its total molar amount should
be satisfied with overall molar fraction zj :
zjn = yjngas + xjnliq (2.2)
n = ngas + nliq (2.3)
The multicomponent mixture is assumed to be in equilibrium. To
calculate the multicomponent equilibrium, the Rachford-Rice [29] rela-
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tions are derived by the vapour molar fraction β = ngas/n.
comp∑
j=1
(yj − xj) = 0 (2.4)
Assuming that the solubility of carbon dioxide into methanol so-
lution in the atmospheric pressure is negligible [19], only water and
methanol are present in liquid phase. Carbon dioxide, nitrogen and oxy-
gen are considered as incondensable components. The reduced number
of components enables to simplify the equations with a second order
polynomial. The vapour molar fraction β can be obtained by solving




1+β(Kj−1) j ∈ {CH3OH,H2O}









The equilibrium constant Kj is estimated with the ratio of vapour




j ∈ {CH3OH,H2O} (2.7)
The activity coefficient of methanol γCH3OH is not significantly in-
fluenced by temperature in the operating range of DMFCs and it was
found that γCH3OH and γH2O can be assumed to be 2.15 and 1 respec-
tively for diluted solutions [30].
2.1.2 Fuel cell
Zenith et al. [1] assumed that there is no material hold-up in the stack
and the heat capacity of the stack is the sum of those of graphite plates
excluding other components in the stack. The first assumption is valid
when the internal volume of the reactants in the stack is relatively
23
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smaller than that of the other volumetric components in the system.
In this research, calculation of the stack heat capacity includes not only
graphite plates but also clamping end plates and other components of
the stack.
Besides, the published concepts in Zenith et al. [1] are incorporated
with the current model in this work. From the electrochemical reaction
1.1, methanol reaction rate n˙r is directly determined by electric current




where N is the number of cells in the stack and F is Faraday constant.
A chemical reaction at the cathode side results from crossover methanol.
CH3OH + 32 O2
Pt−−→ CO2 ↑ + 2 H2O (2.9)
Methanol crossover results from diffusion between the catalyst layers
of anode and cathode, where the methanol concentration at the cathode




(cancl − ccathcl ) (2.10)
d and D are membrane thickness and diffusion coefficient respec-
tively. The crossover flux n˙x can be related with diffusion from chan-
nel and electric current, using a steady state anode mass balance for
methanol mass transfer coefficient km.
ANkm(can − cancl ) = NI6F + n˙x (2.11)
Combining Equation 2.10 and 2.11 cancels out the anodic concentra-
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where km is a function of temperature as in Scott et al. [32]. To
simplify controllers, km is calibrated at a stack operating temperature of
60 ◦C. The coefficients a˜ and b˜ are considered as constant in controllers.
n˙x = N
(
a˜Acan − b˜ I6F
)
(2.13)
In DMFCs, methanol molecules drag water molecules through the
membrane. The drag coefficient of the electro-osmosis kd is calculated
with the combination of the base value at 30 ◦C from Schaffer et al. [33]








Dragged water mole flow rate n˙d is proportional to current:
n˙d = N · kd IF (2.15)
For the mass balance of each species nj , inlet and outlet mole flow
rate n˙j,in and n˙j,out are calculated with an electrochemical reaction
term and a crossover term.





The coefficients νs and ξs for each component j and side s (anodic
or cathodic) are listed in Table 2.1.
The temperature of the stack T stack is determined by the energy











hj(T stack)n˙sj,out − UI (2.17)
The voltage and current relationship is assumed as The´venin equiv-
alent circuit for the simplicity because this research focuses on the
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Table 2.1: The stoichiometric coefficients for main reaction νsj and
crossover ξsj for each species on cathode and anode.
j CH3OH H2O O2 CO2 N2
νanj −1/6 −1/6− kd 0 1/6 0
νcathj 0 1/2 + kd −1/4 0 0
ξanj −1 0 0 0 0
ξcathj 0 2 −3/2 1 0
system control not the fuel cell modelling itself. The overall resistance
R, including anode and cathode over potential, is assumed to be linear
in the range of the cell voltage from 0.3 V to 0.5 V.
U = U0 −RI (2.18)
where Uo is open circuit voltage of the DMFC.
2.1.3 Coolers
Downstream of anode and cathode outlet, coolers remove heat from the
exhausted products. The amount of heat dissipation is determined by
the outlet temperature Tout of the cooler, which is controlled by the set
temperature T¯ . Cooler outlet temperature is constrained within the
range of cooler inlet temperature Tin and environmental temperature
T env. The process of the cooler is assumed to be first order lag with
time constant τ = 120s as in Zenith et al. [1]. The Laplace form of the









A degasser and a condenser separate the two phase flow from anode
and cathode outlet respectively as shown in Fig. 2.2. All incondensable
components such as nitrogen, oxygen and carbon dioxide pass through
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separators without any liquefaction. Condensible components such as
water and methanol split as gaseous and liquid phase. The vapour mo-
lar fraction β of the mixture is determined by Rachford-Rice equation
discussed in section 2.1.1. Mole fraction n˙in,j and equilibrium constant
Kj of each component determine the mole fractions of gas and liquid
phase components.
n˙gasout,j = n˙in,j j ∈ {O2, CO2, N2} (2.20)
n˙gasout,j = n˙in,j
βKj
1 + β(Kj − 1) j ∈ {CH3OH,H2O} (2.21)






Fig. 2.2: The block diagram of gas-liquid separator in fuel cell
systems
2.1.5 Mixer
It is assumed that only the mixer holds up materials in the system
because the material hold-ups of the other components are negligible
due to their significantly smaller size in Zenith et al. [1]. The mixer is
considered as ideally stirred tank reactor to blend mixture perfectly as
shown in Fig 2.3. Accumulating material and energy are determined
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Fig. 2.3: The block diagram of mixer in the reference system of
direct methanol fuel cells
2.1.6 Controllers
The direct methanol fuel cell system needs to control cathodic air in-
let flow V˙ cathin , solution volume in the mixer V mix, stack temperature
T stack, methanol concentration canout and anodic solution flow V˙ sol. For
these controllers I used the algorithm from Zenith et al. [1] at Table 2.2.
First of all, feedforward control is suitable for cathodic air inlet flow
V˙ cathin with air excess ratio λcath because the time constant of changes
in oxygen mole fraction yO2 in the cathode is small within the range
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Table 2.2: Summary of the proposed controllers for the reference
DMFC system





V mix T¯ cond V mix, T cond, n˙cathin Nonlineear-gain
P feedback





λan V˙ sol I Feedforward
of several seconds, and the disturbing variables such as current I are
measurable.
Next, solution volume in the mixer and stack temperature are con-
trolled by a feedback controller using an algorithm with measured vari-
ables such as V mix and T stack. For the accurate control of the con-
centration at inlet and outlet of the anode channel, feedback control is
preferred. But for the highly precise methanol sensors such as density
meters or refractometers are not suitable for the portable system due
to their size and slow response time [12]. Therefore the concentration
control uses feedforward control based on the fuel cell model.
Lastly, the anodic solution flow n˙anin,CH3OH is controlled by ratio con-
trol algorithm with excess ratio λan and measured current to keep the
mole flow ratio of methanol anodic inlet to the replenished methanol
from the fuel reservoir.
2.1.6.1 Air flow
The amount of consumed oxygen at the cathode is related with elec-
trochemical reaction and methanol oxidation from methanol crossover,
which are proportional to current and concentration respectively. The
methanol concentration is not measurable in the system, therefore a
maximal estimated concentration of cˆan = 1100mol/m3 is used. As
discussed in the last section, the parameters a˜ and b˜ are calibrated at
the operating temperature 60 ◦C, and are fixed as constant values in
the controller. The volume flow rate of the air V˙ cathin is calculated by
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the ideal gas law with gas constant R, environmental pressure penv and
oxygen mole fraction yenvO2 . The excess ratio λ
cath is fixed as 3 which
means that oxygen is supplied three times more than actual consump-
tion to prevent oxygen depletion at the whole catalyst layer as a rule
of thumb. This yields the following feed forward control [1].












To guarantee recycling of a sufficient amount of water to the anodic
loop, a scheduled gained proportional controller (feedback P-controller)
is employed. Water condensation in the condenser is determined by
the condenser temperature T cond and saturated pressure piwater(T cond),
which is estimated by Antoine Equation 2.26 [35].
piwater(T cond) = 10
5.20409− 1581.341
Tcond+33.50 × 105 (2.26)
where the operating temperature is within 255.8 K to 373 K. As a
change in the condenser temperature leads directly to a change in liquid












The differentiated Antoine equation is used as a scheduled gain of
the P controller as shown in Fig. 2.4.
2.1.6.3 Stack temperature
Typically the stack temperature is controlled by adjusting loop solu-
tion temperature in DMFC systems while PEMFC systems control the
stack temperature directly with cooling channels in the stack. When
the stack temperature is set to 60 ◦C and passes through the mixer
without cooling, the inserted neat methanol in the mixer evaporates
immediately. To prevent methanol evaporating, the anodic solution
should be cooled down before entering the mixer. The temperature
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Fig. 2.4: The block diagram of P controller for water recovery in
the condenser
change of the degasser T deg controls the stack temperature T stack with
PID feedback controller.










where e = T¯ stack − T stack.
The response time of the cascade controller for the cooler is assumed
to be 120 s as Zenith and Krewer [1]. According to Skogestad’s method
[36], the parameters kc, τI and τD are determined to be 0.625, 75 s and
60 s respectively.
2.1.6.4 Fuel flow
The necessary amount of methanol feed for the system n˙fuelCH3OH is ob-
tained by summing up the methanol consumption in the electrochemi-
cal reaction and methanol oxidation from crossover. The representative
methanol concentration in the anode side can is assumed to be the out-
let concentration canout while the concentration cmix in the mixer equals
the inlet concentration canin . Methanol evaporation in degasser, which is










where the parameter a˜ and b˜ are same for Equation 2.25.
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2.1.6.5 Solution volume flow
As visible in Fig. 2.1, anodic solution is circulated in the anodic loop
passing through the cooler and degasser. Neat methanol from the reser-
voir is replenished to the anodic loop for the compensation of consumed
methanol in the anodic loop. The methanol mole flow of anode inlet
n˙anin,CH3OH
is controlled by the anodic excess ratio λan to the supple-
mented methanol mole flow n˙fuelCH3OH as follows:
n˙anin,CH3OH = λ
an · n˙fuelCH3OH (2.30)
The excess ratio λan of the fuel supply is known to be two to three for
stable operation of DMFC systems [16]. The solution volume flow rate
V˙ sol is calculated with the methanol concentration in the mixer cmix and
mole flow n˙anin,CH3OH. However, in this research no concentration sensor
is used for control. Therefore, the minimally estimated concentration
cˇmix in the mixer substitutes it. Rearranging equation with Equation
2.29 yields the solution flow rate follows.











Depending on purposes, experimental set-ups are slightly different from
each other. For steady state analysis of the reference system, an air
pump supplies cathodic reactants from a climate chamber at the same
temperature and relative humidity condition of the other components
such as a degasser or a condenser in the climate chamber. In contrast,
a mass flow controller is used for dynamic analysis because it can sup-
ply air precisely even though water droplets disturb air flow according
to variable current disturbance. The other difference of the set-up be-
tween steady state analysis and dynamic analysis is the temperature
control of the stack. The main purpose of steady state analysis is inves-
tigating water accumulation at static conditions depending on variables
such as stack temperature, flow rates and so on. In this sense, using
electric heater to heat up the stack is more reliable than controlling
solution temperature to adjust stack temperature by heat exchanger.
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So a 3-cell stack, which generates little amount of heat, is employed for
steady state analysis. However, self-generated heat from reactions in
the stack should be measured and investigated in dynamic analysis to
investigate autonomous operation of the reference system. Therefore, a
9-cell stack with larger heat generation is utilized for analysis without
need for electric heaters. Detailed specifications are introduced in the
next section.
2.2.1 System components
To validate the reference system with experiments, the DMFC system
is set up in a climate chamber (Fig. 2.5). The devices which are in-
sensitive to the environmental temperature such as electric load, power
supply and mass flow controllers are placed outside of the climate cham-
ber (MKF240, Binder, Germany).
Fig. 2.5: The reference system of the direct methanol fuel cell in
the climate chamber
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The in-house designed components are shown in Fig. 2.6. The DMFC
stack shown in Fig. 2.6a has three cells made of Nafion N115 (Type
MEA0281, Johnson Matthey, UK) with 26 cm2 active area. Two plate
heaters (HR5417R, Minco, Germany) with each 5.3 Ω is glued to both
end plates of the stack. On the contrary, for dynamic analysis, another
fuel cell stack (15 W DMFC stack, balticFuelCells, Germany) is used,
which is composed of 9 cells with an active area of 31.5 cm2 per cell.
Stack temperature is measured with a K-type thermocouple, 50 mm
deep inside of the middle bipolar plate. The fuel cell system for dynamic
analysis is placed in a climate chamber (PL-3KPH, ESPEC, Japan) to
control the starting and ambient temperature.
Insulated K-type thermocouple probes measure temperatures of liq-
uid preventing corrosion from direct contact with acidic solution, while
R/S-type thermocouples with a T-shape casing as shown in 2.7 are
employed for the gas phase.
The anodic cooler (IMM, Germany) in Fig. 2.6b has 230 cm2 heat
exchanging area and heat transfer coefficient of 188 W/m2K. The ca-
thodic cooler (HX/C-301, IMM, Germany) with heat transfer coeffi-
cient of 82 W/m2K and the area of 246 cm2 is serially connected with
the condenser in body (Fig. 2.6e) to separate gas and liquid by gravity.
The degasser (Fig. 2.6c) made of glass has three holes which are con-
nected to the anodic cooler, the mixer and the environment. To remove
cations from the solution, an ion exchanger as shown in Fig. 2.6d (Am-
berlyst 15, Merck KGaA, Germany) is employed in a PEEK container
between glass filters (VitraPOR P16, ROBU, Germany) which block
particles against damaging the sensitive density meter. Methanol con-
centration is measured on-line by a density meter (MCS, ISSYS, USA)
to monitor the accuracy of feedforward controllers.
The mixer is designed in-house with a strain gauge (FSH01483, Futek,
Germany) to weigh the solution weight in the mixer, which has an inner
volume of 10 cm3 (Fig. 2.8).
The other ready-made devices follow: Mass flow controllers (Smart-
Trak C100, Sierra, USA) supply air to the cathode and the anode and
cathode coolers, while an air pump (NMP05b, KNF, Switzerland) sup-
plies cathode reactants at steady state analysis. The tubes in contact
with liquid phases are Tygon 3350, whereas the others are A-60-G Nor-
prene. To minimise additional heat loss on the surface of coolers, they
are insulated with glass fibre and aluminium foil. The solution flow
is set by a larger peristaltic pump (MCP Standard, Ismatec, Switzer-
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(a) DMFC stack (b) Anodic cooler
(c) Degasser (d) Ion exchanger
(e) Condenser
Fig. 2.6: Taylor made components in the direct methanol fuel cell
system
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Fig. 2.7: T-shape casing of a thermocouple probe for measuring
gas temperature
land) with an Easy-Load pumping head; the flows from fuel and wa-
ter tank are set by smaller peristaltic pumps (Reglo Digital, Ismatec,
Switzerland). Electric current is manipulated, and voltage is measured
by an electric load (ZS512-4SV20NV, Ho¨cherl & Hackl, Germany).
All controllers and measurement devices communicate with real-time
LabVIEW hardware (cRIO-9072, National Instruments, USA), pro-
grammed in-house.
2.2.2 Setup for steady state analysis
To operate the DMFC system without extra water supply - in the
following called ’autonomous operation’ - sufficient amount of water
vapour should be condensed for dilution of the methanol concentra-
tion, otherwise the system loses the controllability of the methanol
concentration. The maximum amount of condensing water in typical
DMFC systems is accomplished at the lowest temperature of the cooler,
which is equal to the environment temperature. Feasibility envelopes
of DMFC systems for autonomous operation are simulated by Zenith et
al. [11] with ideal assumptions such as the same temperature between
environment and coolers. To validate the simulation results at the ideal
conditions, all system components are installed in the climate chamber
and kept at the set temperature except the stack. The stack temper-







Fig. 2.8: (a) The sketch of the weighing mechanism of a tank with
the strain gauge and (b) the picture of the actual mixer
attached to the strain gauge.
2.2.2.1 Operating procedure
The feasibility envelope for autonomous operation of the reference sys-
tem is obtained in experiments and compared with simulation results.
The contour graph of feasibility envelope is drawn in the range of the
environmental temperature from 27 ◦C to 57 ◦C with intervals of 5 ◦C
and environmental relative humidity from 20% to 90% with 10% inter-
vals in the experiment. Water accumulation rate is measured at all 49
conditions as shown in Fig. 2.9 to evaluate if sufficient water is available
at each condition. In addition, sensitivity studies were conducted with
variation in air excess ratio λcath, stack current I and condenser tem-
perature T cond, as given in Table 2.3. No.1 is the reference condition.
At condition No.3, the condenser is heated by electric heater to keep
the temperature 10 ◦C higher than ambient in the climate chamber.
The stack is always heated up by the plate heater up to 60 ◦C to fully
activate reaction kinetics in fuel cells. At preconditioning, the system
was heated up to set environmental temperature and relative humidity
condition in the climate chamber. After reaching set temperature and
relative humidity, the system is kept for 30 minutes at the condition
to stabilize the temperatures of all components. The electric load is
set according to Table 2.3. Cathodic air flow rate is controlled by the
excess ratio of lambda λcath (Equation 2.25). The solution flow rate in
the anodic loop is determined by excess ratio of 3 according to Equation
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Fig. 2.9: Grid map for setting temperature and relative humidity
in the climate chamber
Table 2.3: Operating conditions for steady state analysis of the
DMFC system
No. λcath I T cond − T env
1ref 5 2A 0◦C
2 10 2A 0◦C
3 5 2A +10◦C
4 5 1A 0◦C
2.31. After preconditioning with temperature and concentration, solu-
tion weight is measured for 30 minutes to calculate the accumulating
rates of water.
2.2.3 Setup for dynamic behaviour analysis
The limiting environmental conditions for autonomous operation are
identified with steady state analysis. When fuel cells are applied in
actual devices, electric current can change dynamically. In spite of dy-
namic disturbances, DMFC systems also should operate autonomously
and reliability. The control strategy for autonomy is proposed by Zenith
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and Krewer [1]. In this section, the system model is validated, and the
feasibility of assumptions in the model is evaluated.
















Fig. 2.10: Input current to all DMFC systems with 9 cells and 30
cm2 as an active area
2.2.3.1 Operating procedure
To evaluate the system model, assumptions such as perfect insulation of
system components in the model are required to be also realized in the
experiment. Two effective methods to reduce additional heat loss are
insulating components and equalizing surrounding temperature with
that of system components. First one is accomplished by wrapping
components with glass fibre cotton and aluminium foil to minimize
heat transfer between the system and environment. The other is set-
ting the surrounding temperature as the initial temperature 37 ◦C at
the beginning of experiments. While warming up the system, the con-
centration of the solution is stabilized in the anodic loop for about
one hour. During stabilization of methanol concentration in the anodic
loop, the methanol crossover results in heating up the stack to around
45 ◦C.
When temperature keeps constant for an hour, the climate chamber
shut down to avoid disturbing evaluation of the temperature controllers
of the system. In the simulation, heat is assumed to transfer only be-
tween reactants and coolant fluid. After this preconditioning of tem-
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perature and concentration, the current profile as shown in Fig. 2.10
is applied to the system as a disturbance load, which is composed of
three regions as start up, stepping down and oscillating. During start
up, 3 A is drawn for one hour. Next, the current is stepped down to
2 A; after maintaining 2 A for another hour, a sinusoidal profile is added
to the current profile, with an amplitude of 1 A and a period of 500 s.
For 3 hours, the control schemes presented in the previous sections are
realized in the controlling program to validate the simulation, and data
are logged via LabVIEW software once a second.
2.2.4 Potential error analysis
The concentration sensor functions by measuring the density of liquid
solution in the anodic loop. The producer guarantees an accuracy of
±0.30 %w in the operating range between 0 to 10 %w, which corresponds
to about ±0.1 M up to 3 M. The operating concentration of this study
is between 0.5 M to 2 M, well within the validity range.
The voltage signal accuracy of the strain gauge is±0.25 %V/V of rated
output voltage at room temperature; if the temperature changes, the
error increases with ±0.036 %/K. In this study, to reduce the error from
temperature variance, the mixer is located in an additionally insulated
air-filled case.
The electric load has the input error range ±0.02 % of voltage signals
and monitoring voltage-offset of ±15 mV.
A K-type thermocouple has a temperature error of ±1.5 K, while an
R/S type thermocouple has ±1.0 K.
2.3 Results and discussion
2.3.1 Steady state analysis
The water accumulation data in the mixer were collected at all condi-
tions given in Table 2.3 and all temperatures and relative humidities
given in 2.9. Using linear regression yields a water accumulation rate
for each case. For example, the slope of the graph at 57◦C of operating
temperature and 20% of relative humidity is negative as seen in Fig.
2.11a while the one at 57◦C and 90% is positive (Fig. 2.11b). The
observed accumulation and depletion of water in the system shows the
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high dependency of feasibility for autonomous operation on environ-
mental conditions. The contour graph with the regressed accumulation
rates for all relative humidities and temperature are plotted in Fig. 2.12
for the experimental conditions 1 and 2 of Table 2.3.
In the three-dimensional graph, the area below the blue plane cor-
responds to the depletion of water. At the high temperature and low
relative humidity region, the system would dry out. Obviously at the
top left side, corresponding to cold and wet region, water is recovered
at the highest rate. With respect to the experimental condition No.1
in Table 2.3, the peak recovery rate reaches almost 0.06 g/min (Fig.
2.12a) which may cause overflow in the mixer due to low evaporation.
Water is depleted over a significantly wider range of temperature and
relative humidity when the system is operated at a high excess ratio of
cathode air supply as shown in Fig. 2.12b. The more air is exhausted
out of cathode, the more water vapour evaporated in the condenser.
To compare the results with the simulation of Zenith et al. [11], the
feasibility envelopes for autonomous operation of the system which are
the boundary in between water accumulation and depletion for a given
set of operating conditions, are plotted in Fig. 2.13 for experiment
and simulation. The feasibility envelopes from the experiments are not
smooth because they are extracted from the estimated contour graph.
Despite the coarse contour, the trend of the feasibility envelope at high
excess ratio fits with simulation results Fig. 2.13a. The feasibility enve-
lope at higher condenser temperature condition (Fig. 2.13b) also shows
good agreement but is slightly shifted to the right side because the tem-
perature of the condenser is measured on the surface of it, not inside.
The temperature of the heated surface by heating plates is expected to
be higher than inside. At low relative humidity condition such as 20%
and higher temperatures than 300 K, the DMFC system cannot oper-
ate autonomously with condition No. 2 and 3 as shown in Fig 2.13a and
2.13b. However, at high relative humidity condition such as 90% and
high excess ratio condition (No. 2), the system operated autonomously
until at 330 K because almost fully saturated air from inlet prevented
water evaporation in the condenser. If the anodic cooler is not possi-
ble to cool down the condenser temperature close to the environmental
temperature, the system needs extra water supply even in high relative
humidity condition as shown in Fig. 2.13b. Lastly, a change in current
does not have significant impact on the feasibly operating range (Fig.
2.13c) as same as in simulation. It can be concluded that at steady
41
Chapter 2 Reference system




































Fig. 2.11: Water accumulation during constant current operation
of the reference system at different relative humidity of
20% (a) and 90% (b) at a temperature of 57◦C
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(a)
(b)
Fig. 2.12: Water accumulation during constant current operation
of the reference system at (a) condition 1 and (b) 2 in
Table 2.3 and plane at 0 to denote stable water level
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(a) (b)
(c)
Fig. 2.13: Feasibility envelopes for the autonomous operation of
the reference system at condition 1 with those (a) at
condition 2, (b) at condition 3 or (c) at condition 4 in
Table 2.3
state, the feasibility envelopes in various conditions in simulation are
successfully validated with measuring water accumulation of the sys-
tem in the climate chamber. The fuel cell system model is evaluated
with experiments for analysing dynamic behaviour in the next section.
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Fig. 2.14: The temperature profile of the stack in the reference
system

















Fig. 2.15: Outlet concentration profile in the anodic loop of the
reference system
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2.3.2 Dynamic behaviour analysis
The control strategies for stack temperature, methanol concentration in
the anodic loop, and water recovery are evaluated by analysing the re-
sponse to aforementioned current disturbance in Fig. 2.10 for dynamic
analysis. Results are shown in Fig. 2.14 and Fig. 2.15. At the begin-
ning, the temperature profile of the simulation is found to be slightly
higher than that of the experiment because the system components
such as the condenser or coolers are assumed to have no heat capacities
in the simulation as shown in Fig. 2.14. The larger heat mass of the
corresponding experimental components results in slower convergence
of stack temperature to the set temperature than in the simulation.
Still dynamic load operation did not affect experiment and simulation.
The initial concentration in the mixer is set to 1.0 M. The concentra-
tion profile in Fig. 2.15 is measured at the outlet of the degasser after
separation of the gas components. Application of the feedforward con-
troller to the reference system leads to deviations in the concentration
of simulations and experiments within ±0.1 M during the first hour.
The concentration overshoot at the beginning of the simulation does
not appear in the experimental results because liquid solution doesn’t
exist only in the mixer, but also in the other components such as the
stack, coolers, separators or tubes. The additional liquid solution in
these reservoirs in experiments slowed down convergence to the set
concentration.
After the peak of the concentration profile in the simulation, methanol
concentration fell below the set concentration of 1.0 M because methanol
crossover occurred more than estimation due to the high temperature
of the stack during the period. In contrast, a lower temperature of
the stack during start up than the set temperature mitigated methanol
crossover in the experiment. Therefore the concentration became higher
than the set value because the parameters a˜ and b˜ are calibrated at
60 ◦C. Due to the overestimated parameters, more fuel was supplied
than the necessary amount to keep concentration stable. Therefore the
concentration profile of the experiment is higher than the set concen-
tration during the second half hour. At the rest of the period, concen-
tration converged to the set value in both, simulation and experiment,
controllers can, therefore, compensate at dynamic load operation.
The solution weight profile in the mixer in the experiment fluctuates
more vigorously than that in the simulation as shown in Fig. 2.16.
The difference between simulation and experimental results are caused
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Fig. 2.16: Solution weight during operation of the mixer in the
reference system
by three different regimes. First, the high-frequency oscillation results
from the unstable measurement of weight with the strain gauge, which
is influenced by liquid droplets from tanks such as the degasser and the
condenser. Second, during the first half hour, the massive cooler needed
time to be heated up, and water was condensed more than set by the
controller due to low temperature. After the cooler was fully heated,
more water evaporated than produced, and the solution weight in the
mixer decreased to the set value of 5 g. When the current changed
to low current, less water was produced than at high current. So the
condenser was controlled to be cooled down immediately, and solution
weight was stabilized for an hour before sinusoidal current disturbance.
Last, the deep valleys at the beginning and 0.5 hours later are at-
tributed to unexpected flow stagnation in small size tube between the
degasser and the mixer. At the liquid outlet of the degasser, unsep-
arated gas bubbles may block the liquid flow until certain amount of
liquid flushing out solution to the mixer. Then the liquid level in the
mixer is recovered.
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2.4 Conclusions
In this section, the simulation results of the dynamics and feasible oper-
ating frame for autonomous operation are compared with experiments.
In the simulation, the feasibility envelopes are investigated by calculat-
ing the steady state equations for the zero water accumulation. On the
contrary, in the experiment, after determining a water accumulation
rate for each condition, the feasibility envelope is obtained by inter-
polation. The experiments matched successfully with the simulation
results. In this sense, with the comparison, the feasibility envelopes
from the simulation are well validated by experiments. The dynamic
behaviour is also successfully simulated with temperature and concen-
tration except water accumulation. Temperature and concentration are
controlled within the acceptable error ranges. The model is thus capa-
ble of capturing most of the phenomena of interest and can be used in




System variation for high
efficiency2
The concept of this chapter is intrigued from the research of Arisetty
et al. [38], which showed that an optimal methanol concentration ex-
ists in a DMFC leading to maximum faradaic efficiency. To quantify
the implications of this finding on the design of autonomously oper-
ating systems, two different DMFC system designs are developed and
compared.
A reference system where each component serves only one function
(see Fig. 2.1) has been investigated by Zenith and Krewer [1] and in
Chapter 2. In that system, the recycled solution from the degasser
and the recycled water from the condenser are collected and are joined
with neat methanol in a relatively large mixer to mitigate concentra-
tion fluctuation. The well-blended solution from this mixer is then
supplied to the anode inlet of the DMFC stack. Since the dynamics
of methanol concentration in the anodic loop is stable, it is possible to
control it without measurement or feedback: this concept also has been
validated in experiments with feedforward control of a concentration in
Chapter 2: the controller with the reference system was shown to be
able to maintain a constant concentration during operation. However,
the reference system cannot change the concentration rapidly, because
of the slow concentration transients in the large mixer; in particular, it
cannot promptly adapt the concentration to the stack current. In this
chapter, two different system designs are shown to be able to control
concentration more rapidly, and thereby attain greater efficiency in ac-
cordance to the findings of Arissety et al. [38]. Mathematical models
2Part of the results of this chapter was published in Youngseung Na, Federico
Zenith, and Ulrike Krewer, Energies,8(9):10409–10429, 2015.
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Fig. 3.1: The process layout of the two-mixer system.
of these systems, including peripheral devices, were implemented in a
dynamic simulation of the model and validated experimentally.
3.1 System modifications
The reference system (see Fig. 2.1) has one mixer to blend three flows
of different composition: the solution from the degasser has methanol
concentrations ranging from 0.1 M to 2 M according to operating con-
ditions, the liquid from the condenser is neat water, and the liquid
from the methanol tank is neat methanol. This system is not able to
instantaneously adjust the concentration of the solution entering the
anode because the large size of the mixer works as a buffer to miti-
gate concentration changes. In the first modification to the reference
system, neat methanol is added in an in-line mixer to the flow leaving
the mixer tank, as illustrated in Fig. 3.1. In this two-mixer system,
recycled methanol solution and condensed water are first blended in the
large tank mixer; the diluted solution is subsequently concentrated by
neat methanol in an in-line mixer with negligible hold up to increase
the anode inlet concentration to its optimal value. This feedforward
concentration control enables responding promptly to sudden changes
in the electric load.
To obtain a further degree of freedom to control concentration, a
system with separated solution tanks is also suggested (Fig. 3.2), em-
ploying separate reservoirs for spent solution and condensed water. In

























Fig. 3.2: The process layout of the separate-tank system.
creased, as in the previous two-mixer layout, but also decreased by
adding neat water. When the required concentration is smaller than
that of the recycled solution, both the reference and the two-mixer sys-
tem need to wait until the excess methanol is consumed in the fuel
cell. In contrast, the separate-tank system can immediately decrease
the concentration with the additional water tank.
The two new suggested systems are modelled in the declarative and
object-oriented programming language Modelica 3.0, programmed with
Dymola 7.4. The differential algebraic equations of the models are
solved by DASSL(Differential Algebraic System Solver), which uses a
backward difference formulas scheme. The simulations are then val-
idated within laboratory experiments. The detailed models are ex-
plained in the next section.
3.2 Modelling
The fundamental model equations of the fuel-cell system are identical
to those given in Chapter 2. The main features of the model will be
recapitulated in this section.
3.2.1 Fuel cell
The balance Equations for mass (T1.1) and energy (T1.2) at the stack
including the electrochemical reaction and methanol oxidation are reused
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from the reference system as listed in Table 3.1. Water drag by electro-
osmosis is assumed to be related with current and temperature (T1.3
and T1.4). In this model, as in all other models in this work, the stack
is considered as the only equipment with heat capacity.
The heat capacity of the stack Cstackp is estimated to be 3000 J/K for
the stack used in experimental validation.
3.2.2 Peripheral devices
Coolers are assumed to be internally cascade-controlled and able to
set a given outlet temperature as such in Chapter 2. The degasser
and the condenser only separate liquid from gas, which are at perfect
equilibrium when leaving the separator (T1.5, T1.6 and T1.7). Energy
balance is the summation of each enthalpy of components (T1.8). The
methanol loss by evaporation in the degasser of the reference system is
negligible compared to the electrochemical reaction and crossover, and
can also be omitted in this model [37]. The only component which can
accumulate materials is the mixer in the system (T1.9). Energy is also
dependent on accumulated components (T1.10).
3.2.3 Controller synthesis
In the reference system, five decoupled SISO (single-input and single-
output) controllers govern the control variable, using each one manipu-
lated variable; as seen in Table 3.2. Of the five controllers in the refer-
ence system, three controllers for oxygen mole fraction yO2 , condenser
temperature T cond and stack temperature T stack will remain unchanged
in this chapter, whereas the methanol concentration controller and the
controller for anode excess ratio, λan will be modified for the two-mixer
system and the separate-tank system. In addition, the new degree of
freedom introduced by the separate-tank system, which has the levels
of two tanks instead of a single solution tank, will require an extra
controller for retaining solution level.
3.2.3.1 Concentration set-point
The main feature of the two layouts, presented in this chapter, is the
ability to change the anodic inlet concentration rapidly; it is, therefore,
necessary to present a criterion by which to choose the concentration
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Table 3.1: Model equations and parameters valid for reference,
two-mixer and separate-tank system models
Components Stack
Component mass balance n˙j,out = n˙j,in + νj N ·IF + ξj n˙x (T1.1)








hj(T stack)n˙sj,out − UI (T1.2)
Electro-osmotic water drag n˙d = N · kd IF (T1.3)
Electro-osmotic drag kd =
(




Index j : CH3OH,H2O,O2, CO2, N2
νanj = {−1/6,−1/6− kd, 0, 1/6, 0}
νcathj = {0, 1/2 + kd,−1/4, 0, 0}
ξanj = {−1, 0, 0, 0, 0}
ξcathj = {0, 2,−3/2, 1, 0}
Components Separators




j ∈ {CH3OH,H2O} (T1.6)
n˙liqj = n˙in,j − n˙gasj ∀j (T1.7)
Energy balance h˙liq =
∑
j
hj × n˙liqj (T1.8)
Components Mixer
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Table 3.2: Identical controllers for reference, two-mixer and
separate-tank systems
Controlled Manipulated Disturbance Measured Controller
Variable Inputs Outputs Type
yO2 V˙
cath
in I I Feedforward
V mix T¯ cond T cond, V˙ cath V mix Feedback
T stack T¯ deg I, canout T stack P feedback
set-point. The criterion considered in this study is the maximisation of
the fuel cells’ efficiency η.
There are three components of efficiency to consider:
• Faradaic efficiency ϕ,
• Voltage efficiency ε, and
• Thermodynamic efficiency ηth.
The product of these is the overall efficiency:
η = ϕε ηth (3.1)
Faradaic efficiency ϕ is the ratio of how much methanol is used in
the anodic reaction (1.1) out of the total that enters the anodic loop
n˙fuel, and at steady state it is expressed by:




Voltage efficiency ε is instead the efficiency of the conversion from
chemical to electrical energy for the combined reactions (1.1) and (1.2);











where ∆hr is the enthalpy of the total reaction from reactions (1.1) and
(1.2).
This study will focus on faradaic efficiency ϕ, since it is the most
amenable to study with a system model and controllers directly with
fuel loss. The voltage efficiency ε has been previously studied [38],
establishing that there is an optimal concentration at which voltage
is maximum: higher concentrations promote more crossover (increas-
ing the cathodic overvoltage), and lower concentrations increase anodic
overvoltage because of reactant starvation.
Neglecting losses in the degasser, which are relatively small [1], the
faradaic efficiency can be approximated with the ratio of methanol con-
sumed in the anodic reaction (1.1) to all the methanol reacted in the




Inserting yields the expression for crossover flow in Equation 2.13












where ϕ¯ is the target faradaic efficiency, and a˜ and b˜ are estimates of
the crossover parameters.
It is not realistic to simply set the target to ϕ¯ = 1, which would imply
no crossover: this would mean that the methanol concentration at the
anodic catalyst layer would be zero, which would result in reactant
starvation and high anodic overvoltage: ϕ→ 1 implies ε→ 0, bringing
total efficiency η also to zero.
An exact target faradaic efficiency can be obtained optimising η,
which in general requires a detailed electrochemical model to calculate
ε as a function of current and methanol concentration; for simplicity,
in this study, a constant target of ϕ¯ = 65 % is assumed to prevent
experimentally-observed fuel deficiency at the anode catalyst layer due
to low inlet concentration. The anode outlet concentration, which is
the one that determines crossover in our model, is approximated with
relation to λan and inlet concentration c¯anin in the following way:
(λan − 1)c¯anin ≈ λanc˜anout (3.7)
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λan − 1 (3.8)
3.2.3.2 Concentration estimate
In the two newly proposed layouts, it is necessary to have an estimate
of the concentration in the mixer c˜mix or solution tank c˜sol where it
is stored. Concentrations are calculated by the estimated amount of
methanol n˜mixCH3OH or n˜
sol
CH3OH









for the separate-tank system (3.10)
In turn, the amount of methanol in the mixer or solution tank nmix/solCH3OH
is estimated by integrating the estimated rate of methanol accumulation













where the estimated crossover parameters a˜ and b˜ are experimentally
determined at 60 ◦C.
3.2.3.3 Two-mixer system
This system has a single solution tank where both the degasser eﬄuent
and recovered water are mixed. Compared to the reference system’s
controllers summarised in Table 3.2, the two-mixer system has a com-
pletely different dynamic controller for concentration, and a slightly
different implementation for the constant λ control on the anodic side.
Both anodic λan and inlet concentration are influenced by the fuel
pump and the circulation pump as seen in Fig. 3.3, so the controller




The controller includes an estimator for methanol concentration in
the mixer, implemented as in Equation (3.11); c˜mix is therefore assumed
known in the following. It is also assumed that the set-point for inlet
concentration c¯anin is known from Equation (3.8).
Two equations must be solved simultaneously to determine V˙ fuel and
V˙ sol for λan and inlet concentration control.
The condition for constant λ control is that the total inflow of methanol
into the stack is λ times the methanol consumption in the stack due to
the anodic reaction and crossover:
c¯anin
(









The condition for concentration control depends on whether the es-
timated concentration in the mixer tank, c˜mix, is higher or lower than
the set-point c¯anin : if c˜mix is higher, the fuel flow will be set to zero,
since negative values are not possible. The condition is expressed as
the methanol balance around the in-line mixer:{
c¯anin
(





V˙ fuel + c˜mix V˙ sol if c˜mix < c¯anin
V˙ fuel = 0 otherwise
(3.13)
The values of the manipulable variables V˙ fuel and V˙ sol can be found
by solving the linear algebraic Equations (3.12) and (3.13).
3.2.3.4 Separate-tank system
In the separate-tank system, the condensed water in the condenser gath-
ers in its own tank instead of being mixed with the recycled solution
from the stack. This allows to blend the solution from the solution tank
with water in order to produce an anode inlet concentration lower than
the one in the solution tank: this can be useful to reduce crossover
after a sudden reduction in power output. The separate-tank system
contains the additional complexity of controlling the liquid level in an
additional tank, but the control rules are inspired by the same princi-
ples as for the reference system. The previous feedback level controller
for the mixer in Chapter 2 is applied, unchanged, to one tank (water
tank); it is therefore the other tank (solution tank) that will need a
new controller (MIMO controller).
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Fig. 3.3: The block diagram of the MIMO feedforward concentra-
tion and λ controller in the two-mixer system.
The three manipulated variables are the flows of neat methanol, so-
lution and water: V˙ fuel, V˙ sol, and V˙ water. The three control objectives
are constant λan control, controlling canin , and maintaining the level of
the solution tank. All three control variables are influenced by all three
manipulated inputs, and therefore, a 3× 3 MIMO controller is chosen.
As for the case of the two-mixer system, the controller for the separate-
tank system includes a concentration estimator (for the solution tank)
and assumes that the reference inlet concentration c¯anin is given as in
Equation 3.8.
The control equations for λan and concentration control are struc-
turally similar to the case of the two-mixer system. For λ control it is:
c¯anin
(









For concentration control it is:
c¯anin
(





V˙ fuelc + c˜sol V˙ sol (3.15)
In an extension of the condition given in Equation (3.13), either water




V˙ waterc = 0 if c˜sol < c¯anin
V˙ fuelc = 0 otherwise
(3.16)
In both Equations (3.15) and (3.16), a subscript c has been added to
water and fuel flows, to indicate these are components of the flows that
are used to control concentration. Water and fuel flows are also used to
control the solution tank’s level, and those components are indicated
with the subscript V and explained in the following.
The dynamics of solution volume is an integrator of the volume-
tric water and fuel flows, which means that it requires feedback to be
stabilised; it is assumed that a measurement or estimate V˜ sol of the
solution tank volume is available.
The liquid volume in the solution tank is controlled with a propor-
tional feedback controller (P controller), integrated into the 3×3 MIMO
controller. The controller attempts to maintain a set-point volume V¯ sol
by manipulating water and fuel flows. A simple P controller can be set
up as follows [36]:




V¯ sol − V˜ sol
)
if V˜ sol < V¯ sol
0 otherwise
(3.17)
Note that, if the actual volume in the solution tank is larger than the
set-point, flow V˙ fuelV and V˙ waterV are set to zero since they cannot be
negative; over time, the volume of the solution loop will decrease due
to electro-osmotic drag in the stack. Constant τc is a design parameter
corresponding to the desired response time of the controlled process;
since the open-loop dynamics of the process is fast, it can be set to a
low value, e.g. 60 s.
Finally, the fuel and water flows will need to be dosed according to
Equation 3.18, so that the solution volume controller does not interfere
with concentration control to the set value c¯anin :
c¯anin
(






The concentration to the anodic inlet can obviously be increased only
by the fuel flow rate.
The actual fuel and water flows set by the pumps in Fig. 3.4 are the
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Fig. 3.4: The block diagram of the concentration and volume con-
troller in the separate-tank system.
sums of volume-control and concentration-control flow components:
V˙ fuel = V˙ fuelV + V˙ fuelc (3.19)
V˙ water = V˙ waterV + V˙ waterc (3.20)
Virtually splitting the flows in these components is the most straight-
forward way to enforce the constraint that flows need to be larger than
zero across several parts of the MIMO controller.
3.3 Experimental set-up
The layout of the reference system in Chapter 2 is modified to the
two-mixer system and the separate-tank system, sequentially. The two-
mixer system is equipped with the in-line static mixer (Plastic Static
Mixer 103201, ESSKA.de GmbH, Germany) with 10mm of inner diame-
ter and 100mm of length in between pumps and the anode inlet. Except
for the static mixer, the other components and measuring devices are
the same as for the reference system. The layout of the separate-tank
system has no tank mixer anymore. It instead employs two container
tanks for storing water and methanol solution from condenser and de-
gasser, respectively. Both the two-mixer system and the separate-tank
system are implemented with the controllers presented in Section 3.2.3.
Operating procedure is identical to that of the reference system exper-
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Table 3.3: Absolute root mean square error between experiment
and simulation of each system for stack temperature,
inlet and outlet concentration
Two-mixer Separate-tank
Stack Temperature /◦C 7.85 (Fig.3.6a) 5.64 (Fig.3.6b)
Inlet Concentration /M 0.266 (Fig.3.7a) 0.263 (Fig.3.7c)
Outlet Concentration /M 0.203 (Fig.3.7b) 0.175 (Fig.3.7d)
iment in Chapter 2 including preconditioning and current disturbance
as shown in Fig. 2.10.
3.4 Results and discussion
To compare the various systems under dynamic operation, the same
current profile is applied to all systems as shown in Fig. 2.10. The sim-
ulated voltage response for all three systems is identical because the
voltage is calculated by the The´venin equivalent circuit and assumed
to be independent from temperature and concentration. The The´venin
parameters correspond to a set temperature of 60 ◦C and set concen-
tration of 1000 mol/m3. The results are expected to deviate from the
experiments where this dependence will not be negligible. At start-up,
the experimental voltages of all three systems are lower than in the sim-
ulation as is visible in Fig. 3.5, which is attributed to the experimental
stack temperature being lower than the set temperature, as observed in
Fig. 3.6. After the start-up period, reference system fits the voltage re-
sponse of The´venin equivalent circuit because the stack temperature in
the reference system remained at 60 ◦C. However, the newly presented
systems in this chapter - two-mixer system and separate-tank system -
showed much lower stack temperature than the reference system in the
whole period except for the stack temperature in separate-tank system
at the first one-hour period. In that period, the stack temperature in
separate-tank system reaches set temperature owing to the overshoot
of the concentration control. In Table 3.3, root mean square errors
are listed for the quantitative comparison of the simulation and ex-
perimental results. The error between experiment and simulation of
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Fig. 3.5: the resulting output voltage in simulations and experi-
ments for all systems.
separate-tank system for stack temperature is smaller than that of two-
mixer system. Each value is discussed at related sections further on.
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Fig. 3.6: The temperature profile of the stack in (a) two-mixer
system and (b) separate-tank system
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3.4 Results and discussion
3.4.1 Two-mixer system
The experimental stack temperature of the two-mixer system cannot
reach 60 ◦C during the whole period, as can be seen in Fig. 3.6a and
Table 3.3. The experimentally-observed low temperature of the stack
results from the heat loss from the stack surface, which was not con-
sidered in the model. The heat loss is not significant in the reference
system, because excessive heat is generated by the large amount of
methanol oxidation of the methanol crossover, which is minimized in
the two-mixer system to achieve high faradaic efficiency. Due to the
low stack temperature in the experiment, methanol crossover occurs
less than in the simulation [32]. However, the fuel flow controller,
which is only calibrated at 60 ◦C with parameters a and b, supplies
more methanol to the system than the estimated amount in the sim-
ulation, as shown in Fig. 3.7a and 3.7b. In real systems, therefore,
either a and b need to be given as temperature dependent.
3.4.2 Separate-tank system
The solution volume in the solution tank of the separate-tank system
is lower than the set value 5 ml owing to the volumetric offset of the
P controller (Fig. 3.8b). According to Equation 3.10 the solution vol-
ume V sol, the water flow rate V˙ waterV and the fuel flow rate V˙ fuelV are
positive. This abundant fuel flow V˙ fuelV for the volume control, besides
the fuel flow V˙ fuelc for the concentration control, makes the summated
flow rate V˙ fuel larger than that in the two-mixer system. The exces-
sive fuel flow in the separate-tank system heats up the stack to higher
temperature than that in the two-mixer system, as shown in Fig. 3.6b
and Table 3.3. In the separate-tank system, the concentration profiles
of the experimental results (Fig. 3.7c and 3.7d) are closer to those of
the simulation results than those in the two-mixer system in Table 3.3,
because in the separate-tank system, the outlet concentration is more
precisely estimated using the additional water flow rate V˙ water than
that in the two-mixer system. The mixture of water and neat methanol
can be accurately calculated when each flow rate is known.
The high-frequency noise in the concentration, visible in the separate-
tank system, is due to the volume controller for the solution tank: the
strain gauge for the solution weight measurement is sensitive to the
presence of liquid droplets from the condenser and the degasser, which
induce noisy sensor readings and an equally noisy control action. This
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Fig. 3.8: (a) Solution weight measurement of the tank mixer in
the two-mixer system, (b) solution weight of the solu-
tion tank and (c) water weight of the water tank in the
separate-tank system, respectively
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noise may be easily removed with a low-pass filter in a further refine-
ment of the control system.
3.4.3 Faradaic efficiencies
As shown in Fig. 3.9a, the efficiency of the two-mixer system is marginally
higher than that of the separate-tank system, while both are signif-
icantly higher than the reference system (Fig. 2.15, especially at low
currents. This is due to the higher concentration maintained by the ref-
erence system, which results in higher crossover and reduced efficiency.
The simulations are validated by experimental results, as shown in Fig.
3.9b. The noise for the experimental results of the separate-tank sys-
tem is due to the noisy weight measurement and peristaltic pumping,
as explained above.
The difference between two-mixer and separate-tank system is at-
tributed to the supplied fuel flow (V˙ fuelV ) for volume control which is
consumed and lowers the faradaic efficiency below the set value 65 %
in Section 3.2.3.1.
3.4.4 Liquid holdup in solution tanks
The solution weight control was able to stabilise the amount of solu-
tion and water level (separate-tank system only) for all system designs
and operating conditions; however, the measured weights fluctuated
strongly in experiments, as shown in Fig. 3.8.
This is due to the aforementioned sensitivity of the strain gauge
to discontinuous two-phase flow: the carbon dioxide produced by the
anodic reaction (1.1) leaves discontinuously the degasser and leads to
the noisy measurements seen in Fig. 2.16, Fig. 3.8a and Fig. 3.8b, while
the water tank is independent from the degasser and the corresponding
weight fluctuates less, as seen in Fig. 3.8c.
The rising solution weight at the beginning in Fig. 3.8a is attributed
to the initially low stack temperature, which allows more water to con-
dense than expected at the controller who assume a value of 60 ◦C.
In the last hour of experiments, the weight of the solution tanks os-
cillate much more than predicted by simulations; these oscillations are
in phase with the current’s. This increased amplitude is due to the ef-
fect of varying gas fraction in the stack’s anode channels and the tube
leading from the anode outlet to the degasser, since CO2 production
on the anodes, is proportional to current according to Reaction (1.1):
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as current increases, more gas is present in the channels and liquid is
displaced to the solution tanks. This effect is not present in simula-
tions since the model neglects hold-up in the stack and tubes, which is
considered in the next chapter.
3.5 Conclusions
Using a dynamically set inlet concentration in DMFC systems instead
of a constant concentration has been demonstrated to significantly im-
prove faradaic efficiency under variable load conditions in simulation
and experiments.
Both proposed layouts, two-mixer system and separate-tank system,
have experimentally similar time constants for transients in concentra-
tion control, which are larger than those in simulations. The separate-
tank system is able to follow the set concentration with slightly better
precision, since part of the anode inlet flow is blended from two reser-
voirs of known concentration (fuel and water).
In experiments, the separate-tank system has been shown to be sub-
ject to oscillations in anode inlet concentration originating from sensor
noise propagating through a P controller; a low-pass filter should, how-
ever, be sufficient to ameliorate the issue in a further development.
All experimental systems present significant oscillations in liquid
holdup under variable current conditions compared to simulations, due
to different rates of CO2 production in the anode and consequent liquid
displacement by gas.
In experiments, the reduced crossover resulted in less heat genera-
tion, so that the stack could not reach the set-point temperature of
60 ◦C in either of the new proposed systems; as a result, the crossover
was further reduced by the lower temperature, and the measured con-
centrations were higher than in simulations. The low temperature also
resulted in lower voltage than the simulation.
Heat loss from large exposed areas in a laboratory setup also cooled
down the stack in addition, which should not be an issue in mass-
produced, integrated systems.
The two-mixer system is, in general, preferable, in particular for
portable applications, as it comprises fewer components while featuring
essentially the same advantages as the separate-tank system.
Simplifying the two-mixer system with process integration is designed
and investigated in the next chapter. On top of that, the stack model
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including material hold-up, which was not considered in this chapter,
is introduced and examined for the accurate controllers in Chapter 4.
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Chapter 4
System variation for process
integration3
In this research, DMFC systems are considered as portable power sources
for small electric devices such as laptops, which widely use Li-ion bat-
teries. If DMFC systems are as small as batteries, DMFC systems
can be competitive with batteries because methanol has more energy
density than lithium as a fuel [22]. However, typical DMFC systems
need several pumps, separators or mixers to operate autonomously us-
ing neat methanol. The hydraulic components require relatively large
space - often much larger than fuel volume itself [39]. To compete with
batteries, DMFC systems should be smaller than current systems. Min-
imising component size has limitations to physically necessary volumes
to exert their own functions. The other way to reduce the system size
is combining components and integrating processes. Na et al. [40] re-
duced the number of components with time sharing pumping method
so that one pump is used to supply either methanol solution or neat
methanol, at a certain point in time. The sharing time depends on
methanol concentration in the mixer, therefore a methanol concentra-
tion sensor is necessary. Without a concentration sensor, Zenith et al.
[37] simulated a mingled-outlet system, which had reduced components
compared to the reference system [1]. Two components were able to be
removed by process integration of cathode and anode outlet. However,
the mingled-outlet system has lower fuel efficiency than the reference
system due to a large amount of methanol evaporation at the mingled
outlet.
3Part of the results of this chapter was published in Federico Zenith,
Youngseung Na and Ulrike Krewer, Chemical Engineering and Processing:
Process Intensification, 59: 43–51, 2012.
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In this chapter, modelling of the mingled-outlet system is validated
with experiments, and assumptions in the model are refined to get
more realistic results. Then a further system, highly-integrated system
is introduced and compared with the previous systems.
4.1 System modifications
The reference system in Fig. 2.1 was previously analysed in the lit-
erature; the present chapter proposes instead lighter, simpler systems
which integrate processes and combine outlet coolers and separators.
The reference system has two coolers and two separators - degasser and
condenser - placed at anode and cathode outlet. The coolers have the
same function of cooling down two phase flow even if the ratio of gas
and liquid is quite different from each other. For process integration,
fuel cell’s anodic and cathodic product streams are mixed before be-
ing sent to a cooler and then to a separator as illustrated in Fig. 4.1
[37]. An even further integrated system is also introduced in this chap-
ter, named highly-integrated system. It combines the separator and the
mixer to one device as shown in Fig. 4.2. To prevent the evaporation
of neat methanol in the separator, fuel is supplied after the separator
and mixed in the tube with a static mixer.




















Fig. 4.2: The process scheme of the highly-integrated system
4.2 Modelling
The model of the mingled-outlet system from the research of Zenith
et al. [37] is updated with a liquid hold up at the anode channel in
the stack, while in the previous model, liquid solution was assumed to
accumulate only in the mixer. The larger stack is employed in this study
to investigate responses of fuel cell systems at the actual power ranges
in several dozen watts. To implement the modified assumption into the
model, liquid and gas equilibrates in the anode channels of the stack.
The highly-integrated system inherited the base model from the mingled-
outlet system except for the separator. The separator in the highly-
integrated system has the additional feature of material holdup as a
buffer, which was the function of the mixer in the mingled-outlet system.
The controlling strategy of the system is combined with the dynamic
concentration control scheme of the two mixer system in Chapter 3 and
the stack temperature controller from the mingled-outlet system. The
respective model modifications are presented in the following.
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4.2.1 Fuel cell
To implement material hold up in the anode channel of the stack, the
reaction and accumulation process are virtually separated.
Firstly, the species mass balances including anodic reaction 1.1 are
identical to that of the reference system in Table 3.1. After reaction,
the resulting anode product stream equilibrates according to Rachford-
Rice Equations 2.5, 2.6 of stack operating conditions such as temper-
ature and pressure in Section 2.1.1. Equilibrated products n˙out,j are
accumulated in virtual reservoir with the volume of V holdup.
Secondly, the gaseous carbon dioxide generated by the anodic re-
action 1.1 has a very low density, and displaces liquid from the anode
channels through the stack outlet; this can have significant effects when
current is rapidly changed. For instance, when no electric load is drawn,
the anodic channel is full of liquid solution. If current is drawn, carbon
dioxide is produced and pushes out some amount of liquid solution to
the outlet by following equation:
V holdup = V gas,holdup + V liq,holdup (4.1)
The sum of volume of liquid and gas is limited to the total volume
V holdup of the anode channel. The material holdup reservoir is calcu-
lated as a virtually separated volume V holdup without electrochemical
reactions, which are already calculated in the stack, for avoiding inter-
ference to the anodic reaction. Material and energy balance of each




= n˙holdupin,j − n˙holdupout,j (4.2)
dEholdup
dt
= H˙holdupin,j − H˙holdupout,j (4.3)





The cooler model is identical to that of the reference system in Chapter
2. It merges methanol, water and carbon dioxide from anode outlet with
water, oxygen and nitrogen from cathode outlet. Outlet temperature
follows set temperature as first order time lag, see Equation 2.19.
4.2.3 Integrated separator
The integrated separator splits gas and liquid flows from the sum of
cathode and anode outlets, like the separator in the mingled-outlet sys-
tem. Incondensable components leave the separator from the gas outlet
only as given in Equation 4.4, whereas methanol and water leave from
both liquid and gas outlets; the gas-liquid equilibrium is solved through
Equation 4.5 and 4.6.
n˙gas,j = n˙in,j j ∈ {O2, CO2, N2} (4.4)
n˙gas,j = n˙in,j
βKj
1 + β(Kj − 1) j ∈ {CH3OH,H2O} (4.5)
n˙liq,j = n˙in,j − n˙gas,j j ∈ {CH3OH,H2O} (4.6)
The function of material holdup like the mixer of the reference system






n˙j,flows j ∈ {CH3OH,H2O} (4.7)
Subscript flows indicates inlet flow into the integrated separator
from the cooler, gas outlet flow to the atmosphere or liquid outlet flow
into the circulation pump as described in Fig. 4.2. Energy balance is






h˙j,flows j ∈ {CH3OH,H2O} (4.8)
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4.2.4 Controller synthesis of mingled outlet system
4.2.4.1 Solution-Volume Control
Since the anodic methanol solution is very diluted, controlling solution
volume is equivalent to controlling the amount of water in the system.
In the context of DMFC systems, autonomy has been defined as
the ability of the system to maintain a constant water content in its
anodic loop, without an external supply or sink. It was previously
shown in Chapter 2 that the reference system’s water balance produces
a relationship binding only three variables: environmental humidity,
cathodic air excess ratio and condenser temperature4. This means that,
given the environmental conditions and the air excess ratio, there is one
condenser temperature that guarantees system autonomy; in particular,
no cell variables or parameters are relevant to autonomy [11].
The theory developed for the reference system stems from a system-
wide water balance, so it can be immediately extended to the mingled-
outlet system in Fig. 4.1 since the total flow of exhaust gases is the
same.
The water-content control developed for the reference system (a P
controller with gain scheduling) as introduced in section 2.1.6.2 can,
therefore, be used in the mingled-outlet system, with no modification
other than it is now applied to the common separator temperature.
4.2.4.2 Temperature control
In the reference system, control of stack temperature is realised by ma-
nipulation of the degasser temperature, which in turn can be realised
through manipulation of the air flow rate in the cooler as discussed in
Section 2.1.6.3. However, that degree of freedom is lost in the integrated
design, as the single separator’s temperature needs to be assigned to
the solution-volume control. A different approach to control stack tem-
perature is therefore employed.
The methanol solution flow (Equation 2.31), which in the reference
system is simply set to maintain a specific anodic excess ratio λan, shall
4Strictly speaking, the relationship holds exactly only when the anodic and
cathodic cooling temperatures are equal, but deviations were proven to




be used to control stack temperature. Effectively, this amounts to using
the loop solution as a cooling liquid.
The many uncertainties about heat loss terms in the system, and
the ease with which temperature can be measured, suggest using feed-
back control. Also, stack temperature has a strong effect on several
system parameters, in particular anode kinetics and cross-over in the
fuel cells: therefore, the control algorithm should have no steady-state
offset. A proportional-integral (PI) feedback controller satisfies these
requirements, and will be used to control the stack temperature by
manipulating the solution flow.
The PI controller is synthesised according to the Skogestad rules [36].
For that purpose, a simple model of the process between manipulated
and control variables, i.e. between solution flow and stack tempera-
ture, is necessary. Stack temperature is indeed influenced by several
other variables that may have an even stronger influence than solution
flow: these are considered disturbances as solution flow cannot influence
them, and will have to compensate for their variations. The dynamics
of stack temperature is given by the stack’s energy balance:
Cstackp
dT stack
d t = −
Cooling by anodic solution︷ ︸︸ ︷
cp,H2O (T
stack − Tmix) V˙ an +d (4.9)
where d is the disturbance term, and includes the effects of air flow, the
heat of reaction, heat loss from the stack, temperature of inlet flows,
etc. This dynamic equation is nonlinear in the term T stack V˙ an, which
is the product of the control variable (T stack) and the manipulated
variable (V˙ an). Given the prevalence of water in the methanol solution
(95 %mass), water’s specific heat capacity has been used directly.
To linearise the problem, it will be assumed that the temperature
difference across the stack in the anodic flow, ∆T , T stack − Tmix, is
measured by a thermocouple and can be used as an input in the control
algorithm.
This approach does introduce a hidden feedback in the controller
which may cause instability, but it also greatly simplifies controller de-
sign: the transfer function between V˙ an and T stack is now an integrating
process:
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For such a process, Skogestad’s rules produce a PI controller with
gain Kc and integrating time τI given by:





τI = 4 τc (4.12)
where τc is the desired closed-loop time constant, which is set to 20 s.
The volumetric flow required by the PI controller will then be:





(T¯ stack − T stack)dt (4.13)
While manipulating the anodic flow to control stack temperature, it
is simultaneously important to ensure a sufficient inflow of methanol
into the stack. A minimum anodic inlet flow is derived from Equation
2.31:
˙¯V anλ = λanmin
N
cˇmix
Methanol consumption︷ ︸︸ ︷[
a˜ A cˆanout + (1− b˜) I6F
]
(4.14)
Methanol concentration cˆanout is assumed to be set by the concentra-
tion control loop, typically to 1 M, and known with a good approxima-
tion during operation. cˇmix is the minimally estimated concentration
in the mixer to avoid fuel starvation in anode. The minimum excess
ratio λanmin is set for the scope of this research to 2.
Especially when stack temperature is lower than the set temperature,
PI controlled anodic flow ˙¯V anPI tends to be zero or beneath to heat up
the stack without heat loss of solution flow. Therefore, the requirement
of minimum anodic λ is then enforced by selecting the highest value
between ˙¯V anλ and ˙¯V anPI :
˙¯V an = max( ˙¯V anλ , ˙¯V anPI ) (4.15)
As this approach could cause significant wind-up phenomena in the
PI controller when it is operated for a long time by the constant λ con-










The methanol concentration in the reference system was controlled by
feedforward, which was possible because of the stable dynamics of con-
centration and the possibility of estimating the cross-over flux.
In the mingled-outlet system, the dynamics of methanol concentra-
tion is still stable, but there is an additional non-negligible methanol
loss term in the anodic loop that has to be accounted for: the loss
of methanol vapour from the single separator. Some loss of methanol
vapour also occurs in the reference system, but the small gas flow from
the degasser makes the loss negligible [1]. In the integrated system, the
anodic solution is brought into contact with a much larger gas flow,
which allows much more methanol to escape. For feedforward control
to work, this loss has to be estimated.
The methanol loss through contact of a water-methanol solution with
an unspecified flow n˙dry of incondensable gases is:
˙˜nevCH3OH = yCH3OH
n˙dry




1−KH2O xH2O −KCH3OH xCH3OH
(4.18)
≈




assuming yH2O ≈ 1 and yH2O  yCH3OH, which is justified by the small
amount of methanol compared to water in the solution.
In the reference system, methanol solution is in contact only with the




In both integrated systems, the solution is in contact with the pro-
duced CO2 and the cathode’s outlet flow of incondensable gases, whose
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The ratio between both n˙dry is, by Equation 4.17, the ratio of increase
in methanol loss when the reference system’s degasser temperature and
the integrated system’s separator temperature are the same.
To compensate for the increased methanol loss in the separator,
which is no longer a negligible loss term as it was in the reference
system, the feedforward concentration-control law has to be modified









where the n˙evCH3OH term is calculated by means of Equations 4.19 and
4.21, and terms a˜ and b˜ are the feedforward controller’s constant esti-
mates of fuel cell parameters a and b, which depend on temperature.
4.2.5 Controller synthesis of highly integrated
system
To increase fuel efficiency of the highly integrated system in comparison
with the mingled-outlet system, it employs optimizing concentration in-
troduced at the two-mixer system in Chapter 3 in order to minimize
methanol loss in the separator. Air flow rate and solution volume con-
trollers are inherited from the reference system, like in the case of the
mingled-outlet system in Section 4.2.4.
4.2.5.1 Concentration controller
Methanol concentration and stack temperature are controlled by ma-
nipulating solution volume flow rate and fuel flow rate as a multi-input
and multi-output (MIMO) controller. The MIMO controller is based
on the concept to combine the concentration controller from two-mixer
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system as introduced in Section 3.2.3.3 and the stack temperature con-
troller from the mingled-outlet system in the previous section.
Methanol concentration is adjusted to keep the constant faradaic effi-
ciency ϕ by Equation 3.2 similarly to the two-mixer system. However, in
the highly-integrated system, methanol evaporation cannot be neglected
because anodic outlet solution directly contacts cathodic gas products
at high temperature in the separator. Therefore, methanol evaporation
as in Equation 4.19 is also considered to estimate methanol loss in the
highly-integrated system. The derivation of methanol accumulation in















Concentration c˜sep in the integrated separator is calculated with es-
timated methanol amount n˜sepCH3OH and measured solution volume V
sep
in the separator by Equation 3.10. The target anode inlet concentra-
tion is determined by the target faradaic efficiency ϕ and anode excess
ratio λan with Equation 3.8.
The total methanol feed to the anode is set equal to methanol con-















When the set concentration c¯anin is lower than the estimated concen-
tration c˜sep, fuel flow rate is set to zero to quickly reduce the concen-
tration in the anodic loop; otherwise both methanol and solution flow









V˙ fuel + c˜sep V˙ sol if c˜sep < c¯anin
V˙ fuel = 0 otherwise
(4.25)
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4.2.5.2 Temperature controller
Another manipulated variable, solution volume flow V˙ anPI , controls stack
temperature with proportional-integral (PI) controller in Equation 4.13
which is the same as that of mingled-outlet system. The proportional
gain Kc and integral time constant τI are also obtained from Equations
4.11 and 4.12.
The two values V˙ anλ and V˙ anPI will in general be different; the former
is set to avoid reactant starvation, and the latter regulates stack tem-
perature. Since reactant starvation is a much faster and more critical
condition than temperature deviations, the former is given priority and
set as an absolute minimum for the actual value of V˙ sol. The resulting
equation is therefore:
V˙ an = V˙ fuel + V˙ sol = max(V˙ anλ , V˙ anPI ) (4.26)
4.2.5.3 Water recovery
To provide enough water to dilute neat methanol down to the set con-
centration, a sufficient amount of diluted solution should be maintained
in the integrated separator. Liquid is recovered from water conden-
sation in the cooler, whose temperature is set with a gain-scheduled
P controller previously developed for the reference system in Chapter
2.1.6.2.




Simulation of the mingled-outlet and highly integrated system is vali-
dated by experiments using the same control algorithm as in Sections
4.2.4 and 4.2.5.
4.3.1 Experimental Setup
The condenser and the cathodic cooler of the reference system in Chap-
ter 2 are removed in the mingled-outlet system as seen in Fig. 4.1. Fur-
thermore, the system is placed in a climate chamber (PL-3KPH, ES-
PEC, Japan). The anodic cooler (Fig. 2.6b) and the degasser (Fig. 2.6c)
function as loop cooler and separator respectively.
In the highly-integrated system, the integrated separator is designed
in-house (Fig. 4.3): it separates liquid from gas and weighs the so-
lution hold-up with a strain gauge (FSH01483, Futek, Germany). A
porous medium with more than 80% of porosity covers the top of the
separator to avoid liquid splash. An in-line static mixer (Plastic Mixer
103201, ESSKA.de GmbH, Germany) blends methanol solution and
neat methanol in a tube before the anode inlet, similarly to the two-
mixer system as shown in Fig. 3.1. The error range of the experiments
is same as given in the error analysis in Chapter 2 because the mea-
surement devices are identical to those of the reference system.
4.3.2 Operating conditions
The preconditioning of system temperature and concentration in the
anodic loop to steady state is similar to that of the reference system:
the initial temperature of the system is set to 50 ◦C; the climate cham-
ber fixes the temperature at 37 ◦C and retains it for over 30 minutes
until each system component reaches uniform temperature. During
preheating, concentration is set to 1 M in the separator, and current
to 1 A to activate the stack. After this initial setting, electric current
is drawn according to the reference profile shown in Fig.2.10 for three
hours.
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4.4 Results and discussions
4.4.1 Mingled outlet system validation
The mingled-outlet system is operated experimentally to validate and
compare both the previous model and the newly proposed one with
material hold-up in the stack. The dynamic behaviour of stack temper-
ature, methanol concentration in the anodic loop and solution weight
in the mixer is compared for the different models. The voltage profiles
of the stacks in the experiment and the simulations are similar to each
other, as shown in Fig. 4.4.




















Fig. 4.4: Voltage response of the DMFC stack to the aforemen-
tioned current input for three hours in the mingled-outlet
system
As shown in Fig. 4.5, stack temperature starts at 50 ◦C and rises up
to 60 ◦C in 15 minutes. After 15 minutes, all the temperatures remain
steady until the end of the operation. The temperature control algo-
rithm works successfully for all simulations. The small temperature off-
set between experiment and simulation is attributed to experimentally
higher methanol concentration in the anodic loop, as seen in Fig. 4.6.
After stack temperature exceeds the set temperature, the controller
switches to use V˙ anPI instead of V˙ anλ at 15 minutes (Fig. 4.7). The change
of active control law for flow results in a concentration peak as shown
in Fig. 4.6. This switching has a negligible effect on temperature and
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Fig. 4.5: Stack temperature profiles of the mingled-outlet system
at the given conditions

























Fig. 4.6: Concentration profiles at the outlet of the separator in
the mingled-outlet system at the given conditions
its dynamics. The mixer solution volume behaves very differently be-
cause of the liquid hold-up in the anode channel, as shown in Fig. 4.8.
The larger solution volume at the beginning dampens the dynamics of
mixer methanol concentration, which mitigates the slope of concentra-
tion increase (Fig. 4.6). The concentration peak of the proposed model
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is higher than the other’s because the solution volume in the mixer at
that time is lowest. After the peak, the outlet concentration of the
proposed model stabilizes slightly below 1 M.
In the experiment, concentration settles at a higher value than in
simulations because of the lower temperature in the mixer (Fig. 4.9),
due to the fact that the real system is not perfectly insulated; this
reduces methanol loss compared to the simulation.
For the same reason, the solution flow rate into the anodic inlet in
the experiment is smaller than in the simulations. The solution flow
rate of PI controller V˙ anPI is calculated by Equations 4.11 and 4.13 and
Kc is proportional to the inverse of the temperature difference between
stack and mixer. In the experiment, the stack temperature is higher
and mixer temperature is lower than in the simulations. The larger
temperature difference results in smaller Kc and V˙ anPI , which lead finally
to a low flow rate in experiment, as shown in Fig. 4.7.
























Fig. 4.7: Solution flow rate into the anode inlet of the mingled
outlet stack at the given conditions
The significant difference in between the models with and without
hold-up is solution accumulation. As shown in Fig. 4.8, when a high
current of 3 A is drawn at the beginning, the water contained in the
anodic channels of the stack flowed out to the mixer and inflated its
solution volume for 15 minutes. After 15 minutes, when the solution
flow rate suddenly increases as control is passed from V˙ anλ to V˙ anPI , liquid
solution in the mixer almost depletes because of material hold-up in the
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Fig. 4.8: Solution weight profiles at the mixer in the mingled-outlet
system at the given conditions























Fig. 4.9: Mixer temperature profiles of the mingled-outlet system
at the given conditions
anode channel.
Solution volume V mix fluctuates vigorously in the experiment be-
cause it is directly influenced by solution flow rate V˙ an; when the latter
is used to control stack temperature, V˙ anPI fluctuates as an effect of
feedback control.
Comparing the two simulations, the amount of solution in the mixer
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hardly changes when subject to sinusoidal current in the previous model;
the experiment and the new model shows high-amplitude sinusoidal re-
sponses. The oscillations in volume are caused by the increased produc-
tion of carbon dioxide in the anode at higher currents, which rapidly
displaces liquid to the mixer: the new model is able to capture this
experimentally observed effect.
4.4.2 Highly integrated system


















Fig. 4.10: Voltage response of the stack to the current input in the
highly-integrated system
As in previous models, the voltage profile of the model is calculated
by a The´venin’s equivalent circuit, independent from the operating tem-
perature of the stack and methanol concentration, and this is not meant
to produce an accurate prediction of voltage. Fig. 4.10 shows that ex-
perimental results feature lower voltage than the simulation, which is
explained by the lower stack temperature that is obtained in the exper-
iment: at low currents, insufficient heat is generated to maintain the
desired stack temperature, as visible Fig. 4.11. Optimized control of
methanol concentration in the highly-integrated system results in less
methanol crossover for higher fuel efficiency than in the mingled-outlet
system. In a commercial, compact system, the low stack temperature
is not likely to be an issue, since the tightly integrated and insulated
component will maintain heat better than the laboratory setup.
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Fig. 4.11: Stack temperature profiles of the highly-integrated sys-
tem at the given conditions
In the experiment, concentration is measured after separation be-
cause the sensor cannot operate on a two phase flow: the measurement
is therefore lower than the actual anode outlet concentration because
of methanol evaporation in the separator. During start-up, concen-
tration reaches a minimum after a few seconds (Fig. 4.12), which is
caused by the fast load change from 1 A to 3 A. The sudden current
increase causes methanol starvation at the catalyst layer until highly
concentrated solution can compensate for it. After an hour, the con-
centration profile from the experimental result is higher than that of
the simulation because of overestimated methanol crossover. While the
control parameters for the estimation of methanol crossover a˜ and b˜
are calibrated at 60 ◦C, the actual crossover is reduced by the lower
temperature of the stack (see Fig. 4.11).
The solution buffer in the experiment is not located only in the stack
and mixer as simulations: the liquid in tubes and the cooler mitigates
rapid concentration changes. Therefore, the concentration profile in the
experiment is not as steep as in the simulation, but shows a smooth
curve after the current step after 1 hour.
The initial peak of solution weight (see Fig. 4.13) results from liquid
hold up: when the current steps up from 1 A to 3 A just after start-
up, the produced carbon dioxide gas immediately pushes out liquid
from the stack, raising the solution weight from 5 g to 10 g in a short
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Fig. 4.12: Concentration profiles at the outlet of the separator in
the highly-integrated system at the given conditions
time. After reaching the set value after about one hour, the solution
weight profile in the simulation converges to the steady state, whereas
the one from the experimental results oscillates within an amplitude
of about 2g because of the two phase volume change in the cooler.
Shrinking gas volume after cooling slowed down solution flow rate to
the integrated separator. This volume change of gas in the cooler did
not affect solution volume in the other systems because buffers such as
a separator, a degasser or a condenser mitigate sudden changes. If the
cooler is modelled with material hold up for two phase mixture, it may
be able to simulate volume contraction of gas precisely in the future.
In a real system, a heat exchanger with high heat exchanging efficiency
or small heat mass can reduce the solution weight fluctuation.
4.4.3 Efficiency
In the experiment, the fuel tank was weighed by the electric scale to cal-
culate methanol consumption. The discontinuous pumping of the peri-
staltic pump disturbs the sensitive balance, producing noise as visible in
Fig. 4.14. However, both simulation and experimental fuel efficiencies
match well. Over the whole period, the highly-integrated system has
higher fuel efficiency than the mingled-outlet system due to optimized
concentration control (Fig. 4.12), which leads to less methanol loss.
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Fig. 4.13: Solution weight profiles at the tank buffer in the highly-
integrated system at the given conditions

























Fig. 4.14: Fuel efficiencies of the mingled-outlet system and the
highly-integrated system at the given conditions
The overall efficiency profile is slightly different from the fuel effi-
ciency, as shown in Fig. 4.15. During the whole period, the highly-
integrated system is more efficient than the mingled-outlet system be-
cause of the optimal concentration control especially at the lower cur-
rent. The small gap between the model and experiment in the highly-
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integrated system at the current 2 A (from one hour to two hours)
results from the lower voltage at the lower temperature in experiment.

























Fig. 4.15: Overall efficiencies of the mingled-outlet system and the
highly-integrated system at the given conditions
4.5 Conclusions
In the previous research, the mingled-outlet system was suggested as
a simplification of the reference system, which however had lower ef-
ficiency due to high methanol evaporation in the separator: this also
constrains the use of portable DMFC systems to outdoor applications
for health reasons.
In this chapter, the simulation of the mingled-outlet system model
has been validated, and experiments are executed with the same pa-
rameters and controllers as in the simulations. In the experiments, the
solution volume is not only accumulated in the mixer, but also in the
stack’s anode channels, in tubing and other units. The stack model,
modified with material hold-up in the anode channel, was able to repro-
duce experimentally observed dynamic behaviour of the solution weight
better than the previous model. Therefore, the relatively big channel
volume of the stack should be simulated with material hold up.
The highly-integrated system is proposed for higher efficiency and
fewer components than the mingled-outlet system, integrating the mixer
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and the separator. The compact design of the highly-integrated system
is appropriate for portable applications such as laptops or leisure power
sources, though in general the overall efficiency is relatively small. De-
spite compactness and higher efficiency, the highly-integrated system
still has disadvantages due to huge methanol evaporation and low tol-
erance to rapid current increases, which can cause temporary methanol
starvation. When dynamic load following up is necessary, the load
ramp-up should be moderated to prevent the starvation, possibly by
hybridisation with buffer batteries. If it runs within the stable range of
the operation, the highly-integrated system will be useful and efficient
to supply electricity to the off-grid power units.
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DMFC systems as portable power sources are required to be compact
and light. To achieve these requirements, various advanced designs
of DMFC systems are introduced and analysed systematically with
model simulation and experimental validation. The reference system
is defined for each system component to have its own function and to
prove feasibility of autonomous operation. The other systems optimized
components to enhance efficiency or integrated processes to reduce the
number of system components.
Firstly, the reference system model is validated experimentally at
steady state. The simulation of consumed methanol with crossover and
evaporation of the model is quantitatively matching to those of exper-
iments. The feasibility envelope for operating a system autonomously
with stable water level is compared with the experiments at different
temperatures and relative humidities. With this validation, it is found
that the reference system model is successfully verified at atmospheric
temperature conditions. Dynamic behaviour was also successfully val-
idated with the same controllers of the system model.
Secondly, two modified systems from the reference system are pro-
posed to increase efficiency. One is the two-mixer system with in-line
static mixer between the tank mixer and the stack. It showed higher ef-
ficiency than the reference system and the separate-tank system, which,
though, has additional components comparing to the other systems.
The separate-tank system is equipped with two tanks and pumps for
water and methanol solution, respectively. Dynamic concentration con-
trol with differently concentrated solutions results in less methanol loss
and higher efficiency than constant concentration control in the refer-
ence system. These highly efficient systems enable to extend operating
time or reduce fuel tank size for portable applications. In both modified
systems, the dynamic concentration control algorithm is implemented
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Table 5.1: Summary of qualitative evaluation of DMFC systems
Compactness Faradaic Overall
efficiency efficiency
Reference system o o ↓
Two-mixer system o ↑ ↑
Separate-tank system ↓ ↑ ↑
Mingled-outlet system ↑ ↓ ↓
Highly-integrated system ↑ o o
and successfully validated with experiments.
Thirdly, to reduce the number of components and system size, an-
ode and cathode outlets are combined and the two separators and two
coolers are reduced to one each. The influences of the process inte-
gration are analysed, and pros and cons are investigated. The main
advantage of the integration is that the resulting system is compact
and light. However, large amount of methanol evaporates after direct
contact with hot air from cathode outlet. This causes a low fuel ef-
ficiency for the integrated system. To proceed further in integration,
a highly-integrated system is developed with the combination of the
separator and the mixer. Despite the smaller size, the efficiency is bet-
ter than the mingled-outlet system because the dynamic concentration
control algorithm reduces methanol evaporation. Due to the high fuel
efficiency with small size system, the highly-integrated system is supe-
rior to the reference system. Additionally the more realistic model with
material hold up in the anodic channel of the stack, is able to simu-
late the dynamic behaviour of water recovery closer to actual systems
than the previous model. However, at several cases, two phase flow
disturbed controllers such as solution volume or concentration control.
Each system is qualitatively compared with three different point of
views in Table 5.1. The two-mixer system has higher efficiencies than
the reference system with similar compactness and simpler than the
separate-tank system. The size of the highly-integrated system is small-
est among the systems even though it has higher performance than
the reference system. I hope that using the relative comparison, fuel
cell engineers can choose the more suitable system for their specific
applications.
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In the future, if the material hold up is considered at other com-
ponents as well, models would be able to simulate each system even
with high precision. Finally, tightly integrated components in a com-
pact and well-insulated system can give more practical information to
design direct methanol fuel cell systems.
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a Crossover parameter [= 1.6748× 10−6m/s]
A Active area [= 0.003m2]
b Crossover parameter [=0.173]
c Methanol concentration [mol/m3]
Cp Heat capacity [J/K]
cp Heat capacity by volume [J/m3 K]
d Membrane thickness [m]
D Diffusion coefficient of methanol [m2/s]
e Error of temperature [◦C]
E Internal energy [J]
i Current density [A/cm2]
I Current [A]
F Faraday constant [=96 485 C/mol]
f Function of vapour mole fraction [−]
∆gr Reaction Gibbs free energy [= −702kJ/mol]
h Molar enthalpy [J/mol]
∆hr Reaction Enthalpy [= −726kJ/mol]
K Equilibrium constant [−]
Kc P constant in PI controller [m3/s K]
kd Electro-osmotic drag coefficient [−]
km Mass transfer coefficient [−]
M Molar mass [kg/mol]
N Number of cells [=9]
n Amount of substance [mol]
p Pressure [Pa]
R Resistance [= 0 4Ω]






U0 Open-circuit voltage [V]
V Volume [m3]
W Weight [g]
x Molar fraction in liquid phase [−]
y Molar fraction in gas phase [−]
z Overall molar fraction [−]
5.2 Greek symbols
β Vapour molar fraction [−]
γ Activity coefficient [−]
η Overall efficiency [−]
ϕ Faradaic efficiency [−]
ε Electrochemical efficiency [−]
λ Excess ratio [−]
ν Current stoichiometric coefficient [−]
pi Vapour pressure [Pa]
ξ Crossover stoichiometric coefficient [−]
ρ Density [kg/m3]
σ Conditional-integration flag [−]






















s Side of anode or cathode







dry Incondensable gases (N2, O2, CO2)
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